Dynamic regulation of plasticity thresholds in a neuronal population is critical for the formation of long-term plasticity and memory and is achieved by mechanisms such as metaplasticity. Metaplasticity tunes the synapses to undergo changes that are necessary prerequisites for memory storage under physiological and pathological conditions. Here we discovered that, in amyloid precursor protein (APP)/presenilin-1 (PS1) mice (age 3-4 mo), a prominent mouse model of Alzheimer's disease (AD), late long-term potentiation (LTP; L-LTP) and its associative plasticity mechanisms such as synaptic tagging and capture (STC) were impaired already in presymptomatic mice. Interestingly, late long-term depression (LTD; L-LTD) was not compromised, but the positive associative interaction of LTP and LTD, cross-capture, was altered in these mice. Metaplastic activation of ryanodine receptors (RyRs) in these neurons reestablished L-LTP and STC. We propose that RyRmediated metaplastic mechanisms can be considered as a possible therapeutic target for counteracting synaptic impairments in the neuronal networks during the early progression of AD.
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metaplasticity | hippocampus | synaptic tagging | APP/PS1 mice | L-LTP A lzheimer's disease (AD), the most frequent form of dementia, is an age-related neurodegenerative disorder clinically characterized by early declarative memory deficits, followed by deterioration of other cognitive functions (1) . The memory loss in AD is characterized by extracellular accumulation of amyloid β protein (Aβ) in the hippocampus and cerebral cortex preceding neurodegeneration (2, 3) . Increasing evidence suggests that soluble forms of Aβ interfere with hippocampal synaptic plasticity mechanisms known to mediate learning and memory processes, including long-term potentiation (LTP) and long-term depression (LTD) of excitatory synaptic transmission (4) (5) (6) (7) (8) . In particular, the protein synthesis-dependent late phase of LTP (L-LTP) is impaired in the hippocampus of various AD transgenic mouse models and in Aβ-treated hippocampal slices (4, 9) , whereas LTD is facilitated (10) or not altered (10) (11) (12) . It has been reported recently that Aβ-induced inhibition of LTP is mediated by extrasynaptic NMDA receptor activity, which prevents phosphorylation of the transcription factor cAMP response element-binding protein (13, 14) .
Synaptic plasticity can be governed by a previous activity of the same postsynaptic neuron or neural network, a phenomenon referred to as metaplasticity (15) . Metaplasticity orchestrates multiple aspects of functional plasticity and thus promotes long-term memory storage (16) . For instance, inducing metaplasticity by activating ryanodine (RYA) receptors (RyRs) with its agonist RYA in hippocampal CA3-CA1 synapses lowers the threshold of LTP, resulting in enhanced LTP induction and persistence (17, 18) . In addition, metaplasticity can influence processes of associative memory storage as in the case for synaptic tagging and capture (STC) (17) . STC is defined as the associative interactions between two independent sets of synapses within the same neuronal network, in which a synaptic "tag" set by a transient activity captures plasticity-related proteins (PRPs) generated from a nearby strong event, leading to late plasticity (19, 20) . Metaplasticity can extend the duration of the synaptic tag, thus ensuring late associativity for a prolonged period during STC (17) .
In the present study, we conducted experiments on a wellestablished AD transgenic mouse model [amyloid precursor protein (APP)/presenilin-1 (PS1) mice; Methods] and explored whether metaplastic mechanisms can augment plasticity and promote associativity (21) . We noticed that L-LTP was impaired in this mouse model as early as 3-4 mo (before Aβ plaques are formed) and failed to show associative interactions such as STC. We further delineated the impaired molecular pathway associated with the lack of late plasticity and associativity. We noticed decreased expression of PKMζ, a critical PRP implicated in the establishment of long-term memory. In addition, the late phase of LTD (L-LTD) was not altered in APP/PS1 mice, but the positive associative interactions of LTP and LTD, a process called cross-capture, was compromised. Most importantly, metaplasticity via RyR priming in hippocampal synapses of APP/ PS1 mice in vitro ameliorates the synaptic plasticity deficits in AD by reestablishing late plasticity and STC through activation of PKMζ. Thus, we propose that metaplastic mechanisms can be effectively used for the augmentiation of plasticity in the early stage of neurodegenerative diseases such as AD.
Significance
Under physiological conditions, metaplasticity is ideally suited to prepare neuronal networks for encoding specific information, thereby ensuring subsequent learning and long-lasting memory storage. Our memory capacity lies at the heart of all cognitive function, and the correct scaling of synaptic plasticity is vital for normal brain function. Here we present data from amyloid precursor protein (APP)/presenilin-1 (PS1) mice, a mouse model of Alzheimer's disease, indicating that the failure of neurons to scale the predisposition to undergo plasticity after earlier events (i.e., metaplasticity) might be a determinant for disease onset and progression. Our findings indicate that the induction of metaplasticity by ryanodine receptor activation contributes to the reestablishment of plasticity and associativity in hippocampal neurons of APP/PS1 mice and might be a potential therapeutic target.
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Statistics
The average values of the slope function of the field excitatory postsynaptic potential (fEPSP) per time point were analyzed by Wilcoxon signed-rank test (henceforth "Wilcoxon test") when compared within the group or the Mann-Whitney U test (henceforth "U test") when compared between groups. A t test (for the comparison between WT and APP/PS1 group) and oneway ANOVA with Dunnett's post hoc tests (for the comparison of the six groups) at the P < 0.05 significance level was used for the analysis of Western blot results. All experiments were performed blinded to the genotype of mice and/or blinded to the pharmacological treatment. Detailed descriptions of each experiments are provided in the SI Methods.
Results
RyR Priming Reestablishes Plasticity in APP/PS1 Mice. Previous studies have reported that LTP is impaired in the hippocampus of various AD mouse models (9, (22) (23) (24) . Here we used a mouse model of AD that expresses a mutated chimeric mouse/human APP and the exon-9-deleted variant of human PS1, both linked to familial AD, under the control of a prion promoter element (APPSwe/PS1dE9) (25) . We set out to study L-LTP in these mice. After a stable baseline recording of 1 h in synaptic input S1 and S2 (Fig. 1A) , strong tetanization (STET) was applied to S1, which resulted in a stable L-LTP lasting 240 min in WT mice (Fig. 1B, filled circles) . Control stimulation of input S2 revealed stable potentials during the whole recording period (Fig. 1B , open circles). The same experimental design was used to test L-LTP in the hippocampal slices of APP/PS1 mice, which resulted only in early LTP (E-LTP; Fig. 1C , filled circles) without any alteration in the baseline recordings (Fig. 1C, open circles) . Next, we examined the priming effect of RyR activation on the impaired L-LTP in APP/PS1 mice. After a 30-min stable baseline of S1 and S2, the RyR agonist RYA (10 μM) was bath-applied for 30 min and STET was applied to S1 30 min after the washout of RYA (thus, a total of 90 min baseline). Intriguingly, RYA priming significantly increased persistence of L-LTP without affecting its control input S2 (Fig. 1D) . A comparison of levels of potentiation between WT, APP/PS1, and RyR-primed L-LTP in APP/PS1 at various time points is displayed in Fig. 1E .
RyR Priming Reestablishes STC in APP/PS1 Mice. Next, we probed whether the impaired L-LTP in APP/PS1 mice could still take part in STC. Two-pathway experiments of the "strong-beforeweak" paradigm [STET in S1 followed by weak tetanization (WTET) in S2] were used for this investigation. First, we tested control STC in WT mice. Thus, STET was delivered to S1 to induce L-LTP, and, 30 min after the first STET, a WTET was applied to S2 to induce E-LTP. Here L-LTP was expressed in S2 lasting 4 h ( Fig. 2A, filled and open circles), indicating expression of STC in WT mice. In the next series of experiments, we studied STC in APP/PS1 mice by using the same experimental paradigm as in Fig. 2A . Surprisingly, STC was not expressed in APP/PS1 mice, as the potentiation in S1 and S2 decayed to baseline levels within 2 h (Fig. 2B , filled and open circles). We tested whether priming stimulation of RyR could have any beneficial effects on STC in APP/PS1 mice. To test this hypothesis, STC was studied in the hippocampal slices of APP/PS1 mouse by using the same experimental design used in Fig. 2A or Fig. 2B , but RYA was bath-applied for 30 min and was washed out 30 min before the induction of L-LTP in S1. Intriguingly, S1 and S2 showed L-LTP lasting at least 4 h, thereby expressing STC (Fig.  2C , filled and open circles). A comparison of the potentiation levels at 240 min in S1 and S2 in WT (Fig. 2D , black bar), APP/ PS1 (Fig. 2D , open bar) and RyR-primed APP/PS1 (Fig. 2D , gray bar) mice is displayed in Fig. 2D .
RyR Priming Promotes Cross-Capture in APP/PS1 Mice. The protein synthesis-dependent late phase of LTP/LTD of one synaptic input has the capacity to transform the transient early LTD (E-LTD)/E-LTP in a second independent input into long-lasting L-LTD/L-LTP, a phenomenon referred to as cross-capture (26) . We investigated whether cross-capture can be expressed in APP/PS1 mice. A prerequisite to be able to test this was to analyze L-LTD in APP/ PS1 slices. In a control set of experiments, L-LTD in WT mice was induced by a strong low-frequency stimulation (SLFS) in S1, which resulted in an L-LTD lasting 240 min (Fig. 3A , filled circles) without altering the potentials of the control input S2 (Fig. 3A , open circles). Similarly, delivery of SLFS to the hippocampal slices of APP/PS1 mice resulted in a L-LTD lasting 240 min (Fig. 3B , filled circles). To study cross-capture in WT mice, a stable baseline was recorded for 1 h, SLFS was delivered to S1 to induce L-LTD, and a WTET was delivered to S2 at 45 min to induce E-LTP. Here, E-LTP in S2 was transformed to L-LTP (Fig. 3C , filled and open circles), expressing cross-capture. The same cross-capture paradigm was then applied to hippocampal slices of APP/PS1 mice. Surprisingly, E-LTP in S2 was not transformed to L-LTP, whereas L-LTD maintenance was normal as in Fig. 3A (Fig. 3D , filled and open circles), indicating the failure of cross-capture establishment in the CA1 pyramidal neurons of APP/PS1 mice. We have reported earlier that metaplastic priming of RyR results in the activation of PKMζ and promotion of STC (17) . Thus, we hypothesized that metaplastic activation of RyR could also rescue cross-capture in APP/PS1 mice. To test this possibility, the same cross-capture paradigm was used as in Fig. 3C or Fig. 3D , except that RYA (10 μM) was bath-applied for 30 min and washed out 30 min before the induction of L-LTD in S1. In this experimental condition, E-LTP in S2 was transformed into L-LTP, resulting in cross-capture (Fig. 3E) . A comparison of the depression and potentiation levels at 240 min in S1 and S2 in WT (Fig. 3F, black bar) , APP/PS1 (Fig. 3F, open bar) , and RyRprimed APP/PS1 (Fig. 3F , gray bar) mice is displayed in Fig. 3F .
RyR Priming Triggers New Synthesis of PRPs. It was proposed earlier that prior activation of group I metabotropic glutamate receptors (mGluRs) or RyRs facilitates the subsequent LTP through local synthesis of PRPs (17, 18, 27) . To elucidate whether this also happens in APP/PS1 mice, the protein synthesis inhibitor anisomycin (ANI; 25 μM) was coapplied during RYA priming. As predicted, protein synthesis inhibition did not affect the initial induction of LTP but caused it to decay rapidly to the baseline levels within 2 h after STET (Fig. 4A, filled circles) . Thus, new PRPs are being synthesized during RYA priming and are instrumental to the rescue of LTP in APP/PS1 mice. Next, we probed whether inhibition of protein synthesis during RYA priming prevents STC in APP/PS1 mice. As shown in Fig. 4B , application of ANI during RYR priming prevented STC in APP/PS1 mice.
Next, we addressed the question of which PRPs are being synthesized during RyR priming in APP/PS1 mice. We have reported earlier that group 1 mGluR or RyR activation leads to the new synthesis of PKMζ in rat hippocampal slices (17, 27) . In this study, we estimated and compared the total PKMζ level in the hippocampal CA1 region of WT and APP/PS1 mice. As shown in Fig. 4 C and D, we observed a statistically significant decrease in the level of total PKMζ in APP/PS1 mice compared with WT mice. Motivated by these findings, we investigated whether RYA priming in APP/ PS1 mice also occur through local synthesis of PKMζ. To test this, the atypical PKC inhibitor myr-zeta inhibitory peptide (ZIP; 1 μM) was initially applied for 15 min before RYA was coapplied for 30 min along with ZIP. Under these conditions, we induced L-LTP in S1 30 min after the washout of the drug. Indeed, the effect of RyR priming on L-LTP in APP/PS1 was completely abolished by myr-ZIP (Fig. 4E, filled circles) . Control experiments using an inactive scrambled peptide of myr-ZIP, scr-ZIP (1 μM), showed no (F) Bar graph showing differences in the levels of potentiation of synaptic input S2 after the WTET at 240 min between the three different conditions presented in C-E, whereas the depression of synaptic input S1 after the SLFS at 240 min was not altered. Asterisks indicate significant group differences in potentiation (**P < 0.01). Single arrow represents the time point of induction of E-LTP by WTET.
inhibitory effect on the primed L-LTP in APP/PS1 mice (Fig. 4F) . In both cases, the control input S2 showed stable potentials during the whole recording session. Having found that priming by RyR activation results in the generation of PKMζ, possibly normalizing the availability of this kinase in APP/PS1 mice, we next probed whether the newly generated PKMζ is also mandatory for the establishment of STC in APP/ PS1 mice. Bath administration of myr-ZIP alone for 15 min and together with RYA similar to Fig. 4E prevented not only the primed L-LTP in S1 but also the transformation of E-LTP into L-LTP in S2 (Fig. 4G, filled and open circles) . Thus, PKMζ plays an important role during the RyR-primed STC in APP/PS1 mice. Control experiments with scr-ZIP showed unaltered RYA-primed STC (Fig. 4H) . To further confirm our pharmacological findings, biochemical experiments were conducted to confirm the expression level of PKMζ in APP/PS1 mice and during priming stimulation by RyR. As shown in Fig. 4 I and J, compared with WT mice, PKMζ expression level after L-LTP induction was significantly decreased in the hippocampal CA1 region of APP/PS1 mice. Strikingly, in APP/PS1 mice, PKMζ level was increased 1 h after RYA-primed L-LTP (group 3) in comparison with the L-LTP group without RYA priming (group 2) and RYA-primed L-LTP in the presence of ANI (group 4). The application of myr-ZIP together with RYA during priming inhibited PKMζ function, as shown in Fig. 4 E and G, but it had no effect on the expression rate of PKMζ (group 5; no statistically significant decrease in the expression of PKMζ compared with group 3; Fig. 4I ), similar to previous reports (17, 27) . The control peptide scr-ZIP had no effect on the function of PKMζ as shown in Fig. 4 F and H , and the expression of PKMζ (group 6; Fig. 4I ).
These data reveal that PKMζ expression is decreased in the hippocampal CA1 region of APP/PS1 mice under basal conditions and also during activity-dependent plasticity and that RyRmediated metaplasticity up-regulates the synthesis of PKMζ.
PKMζ Maintains STC and Cross-Capture in APP/PS1 Mice. In conventional STC, PKMζ is identified as the first LTP-specific PRP (17, 27, 28) . To test whether a similar mechanism was also present during RyR-mediated metaplasticity in APP/PS1 mice, myr-ZIP was bath-applied 60 min after the induction of RYA-primed L-LTP until the end of the experiment. As shown in Fig. 5A (filled circle), primed L-LTP slowly decayed to baseline level. In contrast, control experiments using scr-ZIP showed normal maintenance of primed LTP (Fig. 5B) . In both cases, the control input S2 showed stable potentials during the entire recording period.
Similarly, the effect of PKMζ inhibition on RYA-primed STC was investigated. Bath application of myr-ZIP 30 min after the establishment of RYA-primed STC prevented L-LTP maintenance in S1 and S2 (Fig. 5C , open and filled circles), thus expressing no STC. Control experiments with scr-ZIP showed normal primed STC (Fig. 5D ). Not only in STC but also in crosscapture, PKMζ is captured by weakly tetanized synapses (28); therefore, the next question we probed was whether PKMζ is also a PRP in RYA-primed cross-capture. Bath application of myr-ZIP 75 min after the establishment of RYA-primed crosscapture prevented only the transformation of E-LTP into L-LTP in S1 (Fig. 5E , open circles), but had no effects on L-LTD in S2 (Fig. 5E, filled circles) .
Recent studies have shown that ZIP used for inhibiting PKMζ may also inhibit other atypical PKC isotypes such as PKCi/λ (29) , and also that ZIP could alter neuronal and network activity in a way that might be independent of PKMζ (30, 31) . In addition, PKCi/λ can compensate PKMζ in certain conditions (29, 32, 33) . We have ruled out the possibility of the latter by checking the PKCi/λ level in control and APP/PS1 mice. Our Western blot analysis shows no difference in the level of PKCi/λ between control and APP/PS1 mice (Fig. S1 A and B) . RyR-mediated rescue of plasticity and associativity is specifically mediated by PKMζ because PKMζ antisense oligonucleotide (20 μM) prevents RyR-primed L-LTP and STC (Fig. S2 A-D) .
Discussion
Metaplasticity, a fundamental property of synapses in the brain, is capable of tuning the synapses and networks for neural plasticity (15) . Our findings provide important insight into metaplasticity mechanisms, showing that RyR activation in the hippocampal circuitry of the AD mouse model of APP/PS1 mice prevents impairments of synaptic plasticity, including L-LTP, STC, and cross-capture. How does RyR priming prevent synaptic plasticity deficits in AD? Our study indicates that, in APP/ PS1 mice, the metaplasticity properties of synaptic populations are lost which shifts the BCM (Bienenstock, Cooper, and Munro) (34) curve toward the right-that is, a higher threshold Fig. 4 E and G, it had no significant effect on the expression rate of PKMζ (group 5). Application of control peptide, scr-ZIP, had no effect on the expression level of PKMζ (group 6). In addition, PKMζ level after L-LTP induction in APP/PS1 mice (group 2) is significantly lower than that in WT mice (group 1). The values of the individual groups were calculated in relation to the control group with GAPDH as a loading control (*P < 0.05 and **P < 0.01). Western blot analyses were repeated six times, and, in each group, 14-19 slices were used for tissue collection. Symbols/ traces are as in Fig. 1 .
for inducing plasticity (35) . RyR priming rescues it by increasing calcium level, thereby lowering the threshold for inducing plasticity and bringing L-LTP back to the positive part of the BCM curve. It can be argued that the activation of RyR would worsen the AD neuronal network by virtue of the classic calcium hypothesis (36, 37), but we rather obtained a rescue effect. It has been reported earlier that 3-4-mo-old APP/PS1 mice do not have resting calcium levels that are different from those of WT mice (38) . Indeed, our basal calcium level analysis supports this finding and provides additional evidence that the levels of calcium during metaplastic stimulation by RYA is also unaltered between WT and APP/PS1 mice (difference between control and 10 μM RYA application, P > 0.1, t test). These mice at this age do not show Aβ plaques, raising a question about the status of calcium overload, which is usually associated with Aβ plaques (38) . As the animal model used in this study is of age 3-4 mo, it can be assumed that acute effects of elevated calcium by RyR-dependent metaplasticity might have resulted in plasticity compensation. However, we do not rule out the possibility that, in aged APP/PS1 mice (≥6 mo), elevated resting calcium levels and Aβ plaque may have the opposite effect, i.e., acceleration of neurodegeneration as a result of increased calcium level by RyR-dependent metaplasticity.
The lack of STC observed in the APP/PS1 mice could be the result of two reasons: (i) inability of the synaptic population to create a synaptic tag and (ii) inability of the strongly tetanized input to generate enough PRPs to initiate STC. We rule out the first possibility because RyR priming before the induction of L-LTP indeed transforms the E-LTP in the second synaptic input to L-LTP, providing electrophysiological evidence that a synaptic tag is present. Indeed, our second assumption is supported by pharmacological and biochemical evidence. Inhibition of protein synthesis or PKMζ prevents the RyR priming effect and associated enhancement of plasticity and associativity. The biochemical evidence is also in this line, as PKMζ expression level is decreased in the hippocampal CA1 region of APP/ PS1 mice and RyR priming increases its expression. As PKMζ is essential for the consolidation of LTP and STC (28), the decreased amount of PKMζ could explain why LTP and STC are impaired in APP/PS1 mice. The persistence of L-LTD in APP/ PS1 mice is not altered, which suggests that not all forms of plasticity are compromised in these mice. This observation is in agreement with earlier findings that application of Aβ has no effect on hippocampal LTD (10) (11) (12) . We have reported earlier that L-LTD can be maintained during PKMζ inhibition, as depressed synapses rely more on brain-derived neurotrophic factor (27, 28) . The absence of cross-capture in APP/PS1 mice is most likely a result of the lack of PRPs such as PKMζ as RyR priming and subsequent induction of L-LTD was able to reinstate crosscapture.
Autopsy brain tissue samples derived from patients with neuropathologically confirmed AD showed that PKMζ aggregates with neurofibrillary tangles in their limbic or medial temporal lobe structures, such as hippocampal formation, entorhinal cortex, and amygdala, which may inhibit the normal activity of this kinase in modulating the trafficking of AMPA receptors at synapses (39) . In addition, subcellular distribution of GluA2 receptors and PKMζ is altered in the aging brain, showing a decreased density of synaptic GluA2 receptors in large dendritic spines coexpressing PKMζ, and this decrease correlates with impaired recognition memory (40) . The present data show that RyR priming reverses synaptic dysfunction in APP/PS1 mice through metaplastic up-regulation of PKMζ. Recently, the specificity of ZIP for inhibiting the effects of PKMζ on L-LTP and long-term memory has been brought into question (29, 32, 41) . In the present study, we specifically prevented PKMζ activity by using PKMζ antisense molecules similar to that in a previous report (33) , confirming that the RyR priminginduced PRP is PKMζ and not any other atypical PKCs. A recent study has suggested that PKCι/λ can compensate for the lack of PKMζ in KO mice (33) . It can be argued that reduced level of PKMζ in AD mice may not be important for synaptic plasticity deficits, particularly if PKCι/λ is upregualted. This possibility is excluded in APP/PS1 mice, as the level of PKCι/λ is similar to that of control animals, and, in addition, L-LTP and STC were still not present in APP/PS1 mice.
Theoretical models of dynamically learning neural networks predict that ongoing memory storage relies on synapses that exhibit multiple states with different levels of plasticity over a wide range of time scales, linked by metaplastic transitions (42) . Our study provides compelling evidence that, even in AD, the activated neural network is capable of incorporating metaplastic states, thereby compensating dysregulated synaptic plasticity in the hippocampal memory circuitry. Our findings are in agreement with recent observation by Megill et al. in which the authors proposed that the synaptic defect occurring in AD mouse models may result from the inability of the synaptic populations to undergo metaplasticity, especially during developmental stages (35) . We propose that enabling a synaptic population for metaplasticity can reestablish plasticity and associative plasticity in AD mouse models. In the future, it would be intriguing to explore whether such a metaplasticity form can ameliorate the learning and memory deficits of AD in behaving mice. 
